Siegler, JC, Mermier, CM, Amorim, FT, Lovell, RJ, McNaughton, LR and Robergs, RA. Hydration, thermoregulation, and performance effects of two sport drinks during soccer training sessions. J Strength Cond Res 22(5): 1394-1401, 2008-In the present study, we aimed to compare the thermoregulatory response and soccer-specific training performance aspects of two commercially available sport drinks, both of similar carbohydrate concentration, but one containing 5.2% glycerol. Ten players participated in two similar outdoor training sessions and were randomly assigned to each of two drinks: a carbohydrate (C) beverage or a carbohydrate-glycerol (CG) beverage. Players consumed 500 mL of C or CG 30 minutes pre-exercise and at half-time. Pre-and postexercise body mass, core temperature (CT), and heart rate (HR) were recorded, and urine and blood samples were taken. No difference was observed between days for wet bulb globe temperature (session 1: 17.0 6 1.1°C, session 2: 16.9 6 1.1°C; P = 0.944). The degree of dehydration (% D BM) was greater after the C trial (P = 0.041). Similarly, percent change in plasma volume was greater in the C trial (P = 0.049). No overall main affect was observed between CT and mean exercise HRs during either training session (CT: P = 0.350; mean HR: P = 0.256), and there was no difference observed between groups in time to failure during the sessionending fatigue test (P = 0.547). Ingestion of a CG beverage provided players with better hydration than C alone. However, if training sessions are short (,75 minute), with adequate time for recovery, both drinks are sufficient for maintaining performance intensities during soccer-specific training.
INTRODUCTION

T
he relationship between thermoregulatory stress and performance during soccer match play has been well established (8, 23, 25) . The intermittent, high-intensity nature of the game has been shown to elicit sweat rates in elite players of approximately 1-2.5 LÁh in temperate climates (10) . However, much higher sweat rates (3.5-4 LÁh
21
) have been observed in players exposed to hot conditions (26) . The continued loss of sweat as part of total body water (TBW) can cause a progressive decline in pulmonary and systemic pressures, increases in core temperature, decreases in skin blood flow, and an overall decline in cardiac output as stroke volume decreases beyond the compensatory increase in heart rate (HR) (5, 34) . The rate of decline within these central functions may directly limit a player's ability to sustain high work intensities and distances covered over the progression of a match and may account for the increased rate of goals scored/ allowed at the end of each period (30) .
As performance decrement may occur with as little as 2% dehydration (1) and because fluid intake during the course of a soccer match is limited, hyperhydration protocols have been used in attempt to supercompensate TBW before a match and to delay the onset and severity of hypohydration (13, 16, 31) . Fluid retention has been shown to increase with the ingestion of drinks containing glycerol; as such, glycerol has been extensively researched as a hyperhydrating agent (12, 13, 18, 24) . A review of the studies of glycerol ingestion indicated a consistent increase in body water compared with control (water or carbohydrate-electrolyte) of 500-700 mL after the ingestion of 1.0-1.2 gÁkg 21 glycerol (33). It remains inconclusive, however, whether the hyperhydration induced by glycerol ingestion has any beneficial effect on sport performance. Because negative side effects have been reported in doses exceeding 1.2 gÁkg 21 (33), glycerol has not been widely used in a team setting. However, the question of whether ingestion of lower concentrations (,1.0 gÁkg 21 ) of glycerol has any potential benefit for thermoregulation or soccer-specific performance of longer duration remains unanswered.
Therefore, the aim of the present study was to compare the hydration and soccer-specific training performance aspects of two commercially available sports drinks, both of similar carbohydrate concentration, but one containing a low dose of glycerol (5.2%Á500 mL 21 solution). This investigation was also designed to observe and document the cardiovascular and thermoregulatory responses that occur with the fluid intervention during actual soccer training sessions under ambient environmental conditions. We hypothesized that the beverage containing glycerol would be better at attenuating dehydration throughout the training session and result in less cardiovascular and thermoregulatory strain compared with the carbohydrate beverage. Additionally, we projected that the glycerol beverage would enhance performance during a session-ending soccer-specific endurance test.
METHODS
Experimental Approach to the Problem
The study consisted of two similar training sessions designed to mimic match-like intensities. The sessions were performed on two different days at the same time of the day (3:00 PM), separated by 48 hours (all players were allotted a rest day both the day before and the interim day between sessions). In addition, there was one lab-based visit for anthropometric and maximum oxygen uptake ( _ Vo 2max ) measurements. All training sessions were conducted outside under ambient conditions on the team's practice field at an altitude of 1618 m. In the training sessions, the subjects were randomly assigned at the first session to one of two sport drinks: a carbohydrate beverage (C) containing 14 gÁ237 mL 21 (5% CHO in solution)
or a carbohydrate-glycerol beverage (CG) containing 10 gÁ237 mL 21 (4% CHO in solution) carbohydrate and 26.1 gÁ500 mL 21 glycerol (5.2% solution) (Table 1) . On the second session, players received the opposite drink from session 1. The trials were balanced and double-blinded, both drinks were similar in flavor, and the color was concealed in indiscernible water bottles. The dependent variables selected in this study (hemoglobin, hematocrit, serum and urine osmolality, urine-specific gravity, body weight, core temperature, and HRs) are all commonly used as thermoregulatory and performance indices associated with intermittent, highintensity endurance activity.
Subjects
Ten players from a NCAA Division I men's soccer team participated in this study. Subject characteristics were (mean 6 SD): age 20 6 1 years, height 179.5 6 6.7 cm, weight 74.8 6 8.4 kg, body fat 5.5% 6 2.3%, _ Vo 2max 60.8 6 4.1 mLÁkg 21 Ámin
21
. All players involved were of high caliber, as the team had played in the NCAA Division I final the previous fall season. The players were in the final week of their competitive spring season. All players included in the study had completed off-season weight training regimens (January to March) and were considered match fit. Written informed consent was obtained before participation from each player, and the study protocol was approved by two universities' institutional review boards.
Training Sessions
The subjects were asked to ingest a temperature sensor pill (CorTemp TM ; HQ Inc, Palmetto, FL) in the morning (9:00 AM) before the training sessions to allow adequate time for motility into the small intestine and to minimize the effects of swallowing cold liquids on temperature readings (29) . The subjects were given 500 mL of water to drink 2 hours before they arrived at the training center and were asked to refrain from caffeine and alcoholic beverages on the day of and before each session.
After arriving at the training center, the subjects voided their bladder and a baseline urine sample was collected. Subjects were then seated for 5 minutes to allow for postural stability. A pretraining blood sample (10 mL) was then drawn from an antecubital vein for subsequent baseline analysis of hematocrit (Hct), hemoglobin (Hb), serum osmolality (SOSM), and lactate (La) and glycerol concentrations. Nude body mass (BM) was recorded using a portable digital scale (model 780; Seca, Andover, MD), and a baseline core temperature reading was obtained (CorTemp TM Data Recorder HT150016; HQ Inc). Finally, 500 mL of either C or CG was consumed in a 10-minute period.
The training session commenced approximately 30 minutes post fluid consumption and consisted of four periods each lasting 15 minutes (Table 2) . At the end of the second period, core temperature was recorded and players were required to consume an additional 500 mL of their prescribed drink. After the training session was completed and after a 2-minute rest, all subjects participated in the Yo-Yo Intermittent Endurance Test, Level 2 (YYIET) (17) until volitional fatigue with total test time being recorded. The players were well accustomed to all aspects of the test, as they used it multiple times throughout the year for assessing fitness.
Beat-by-beat HR was recorded throughout the training session and YYIET using a Polar Team System (Polar USA, Long Island, NY). Immediately upon completion of the YYIET, core temperature was recorded and 10 mL of blood was drawn again (after a 5-minute seated period) for postsession comparison of Hct, Hb, SOSM, and La. Postsession urines samples were also collected, followed by a towel dry and BM recording upon return to the facility. All procedures were followed for the second training session 48 hours later, with the exception of the players receiving and consuming the opposite drink. Environmental conditions were measured throughout both sessions every 30 minutes using a portable digital wet bulb globe temperature thermometer (hs-3600; Metrosonics Heat Stress Monitor, Oconomowoc, WI).
Laboratory Measurements
A week after the final training session was completed, the subjects returned to the laboratory for body fat analysis and a _ Vo 2max test. These tests were conducted both for descriptive purposes and to obtain individual HR max values for exercise intensity comparison between the two training sessions. An incremental maximal exercise test was performed on a motorized treadmill. Expired air was collected breath-bybreath to assess gas exchange and ventilation data via an indirect calorimetry system (TrueOne 2400; Parvomedics, Sandy, UT) for the determination of _ Vo 2max . Before each test, the oxygen and carbon dioxide analyzers were calibrated with gases of known concentration (16.06 % O 2 and 4.54% CO 2 ) and volume was calibrated using a 3-L syringe (Hans Rudolph, Kansas, MO). Criteria for obtaining _ Vo 2max was a _ Vo 2max plateau of ,50 mLÁmin 21 (2) . HR was continuously monitored and recorded (RS200; Polar Electro, Oy, Finland). Body composition was estimated using skinfold measurements taken on the right side of the athlete's body, in rotational order, using calibrated Lange skinfold calipers (Cambridge Scientific Instrument, Cambridge, MD). The Evans et al. (11) sum of seven skinfolds (S7SKF) equation developed for athletes was used to determine percent body fat (%BF).
Blood Analysis
Blood samples were aliquoted into three different tubes: plain tubes to allow for blood clotting, sodium heparinized tubes, and sodium heparinized tubes with perchloric acid (PCA) added. The Hct was determined by centrifugation (IEC/MB centrifuge, Damon/IEC, Needham Heights, MA). Hb concentration was measured by diluting 20 mL of whole blood in 5 mL of Drabkin's solution and was left to equilibrate for 30 minutes. The sample's optical density was measured by spectrophotometric method at 540 nm. The percent changes in plasma volume were calculated in accordance with Dill and Costill (7). Serum osmolality was determined by freezing-point depression (Model 3D3; Advanced Instruments, Norwood, MA). Serum glycerol was determined through an enzymatic assay (36) . Urine specific gravity was measured by hand refractometer, and urine and glycerol osmolality were measured by the methods described above. All measures were performed in duplicate, and the range of intraclass correlation coefficients (ICCs) was 0.84-0.99, P , 0.01 for all dependent variables.
Statistical Analyses
Data are presented as mean 6 SD. Before analysis, all data were assessed for normal distribution, homogeneity of variance, and independence of errors. Sample size (n = 10) was determined from a power analysis using the dependent variable with the highest variability as determined by standard deviations from past research (4). Dependent variables (blood, urine, core temperature, and HR) were analyzed using a two-way repeated-measures analysis of variance design, in which one effect was the condition (C or CG) and the second effect was time. Mean time to failure in the YYIET and percent change in plasma volume and BM were analyzed using paired t-tests. Statistical analysis was performed using Statistical Software (Tulsa, OK) and Graph Pad Prism 3.0 (San Diego, CA). Post hoc analysis was performed using Tukey's HSD. Statistical significance was set at P , 0.05.
RESULTS
Environmental Conditions
No difference was observed between days for wet bulb (session 1: 10.9 6 0.7°C, session 2: 11.8 6 0.5°C; P = 0.293), globe bulb (session 1: 32.9 6 2.2°C, session 2: 32.4 6 2.8°C; P = 0.800), or wet bulb globe temperature (session 1: 17.0 6 1.1°C, session 2: 16.9 6 1.1°C; P = 0.944). However, dry bulb recordings were significantly different between days (session 1: 24.4 6 0.7°C, session 2: 26.9 6 0.5°C; P = 0.007).
Hydration Responses
Body weight changes are presented for all players pre-and post-training in Table 3 . BM was not different between groups before either training session; however, the percent change in BM was greater after completion of the C trial (P = 0.041) ( Table 5 ). Collectively, eight of 10 players presented with a greater loss in TBW post training (Table 3) . Similarly, when expressed as percent change, plasma volume was significantly reduced in the C trial versus the CG trial (P = 0.049) ( Table 5 ). Serum osmolality increased post training in both trials but was significantly higher in the CG trial compared with the C trial (P = 0.033) ( Table 4) . As expected, plasma glycerol was significantly increased post training in the CG trial (P , 0.001) ( Table 4) . Similar changes were observed in urine osmolality post training in the C trial (nonsignificant at P = 0.051) ( Table 4) .
Urine specific gravity was higher in the CG trial for both pre and post measurements compared with the C condition (pre: P = 0.034; post: P = 0.002) ( Table 4) . Urine glycerol was greater post training in the CG trial (P , 0.001) ( Table 4) .
Thermoregulation and Performance Responses
Although a gradual elevation was observed in core temperature throughout the training sessions, no main effect was observed between conditions (P = 0.350) (Figure 1) . Similarly, average HR intensities were the same between conditions (P = 0.256) (Figure 1 ; single subject representation in Figure 2) , and there was no difference observed between groups in time to failure during the YYIET (C: 1200 6 297 seconds, CG: 1132 6 186 seconds; P = 0.547) (Figure 3 ).
DISCUSSION
The primary objective of this study was to compare the hydration efficacy and soccer-specific training performance between two commercially available drinks containing similar CHO, but one containing an additional dose (26.1 gÁ500 mL 21 ) of glycerol. Dehydration was attenuated in the CG trial, as represented overall by a smaller percent change in BM and a smaller decrease in plasma volume compared with C, although serum osmolality was higher for the CG trial. There were no observed differences between mean exercise intensities and performance during the fatigue test (YYIET) in both trials. The novel aspect of these results is that, even under mild heat stress, the addition of glycerol to CHO drinks may be beneficial to maintaining hydration during soccer training sessions.
Studies have attempted to quantify the benefits glycerol ingestion may have in attenuating dehydration, either as a hyperhydrating agent or for sustaining TBW stores during exercise (13, 21, 24, 32) . The efficacy of such hyperhydration protocols is equivocal, and methodological differences in the time of ingestion, additional water intake, and total ingested volume and concentration of the drink may explain . This methodological construct of both ingestion time and volume was considered during study design for soccer-specific application, as fluid intake is generally limited throughout a match (6) . However, it is interesting that even with only 500 mL administered at the beginning and again during the session, the CG drink was able to minimize dehydration (Table 4 ). This result suggests that although the CG had higher osmolality than C, gastric emptying may not have been affected, as plasma volume decrement was lower in the CG trial.
The glycerol concentration also varied among volunteers because the same volume was administered regardless of BM (M: 0.71 gÁkg 21 BM; range 0.59-0.89 gÁkg 21 BM). This procedure was intentionally used to be more realistic for daily training for a team sport and easily transferred to field application, avoiding daily measurements of an athlete's BM before each session or game and individualizing the drink container. Although the dosage of glycerol on average was lower (approximately 2 /3 at M = 0.71 gÁkg 21 ) than recommended in past research studies and not the same among the players, our results showed that fluid was lost during both sessions, however more fluid was lost during the CG compared to the C trial (Table 5 ). Perhaps if BM was taken into consideration and the amount of fluid individualized, the effects on thermoregulation and performance may have been significantly different.
Also of interest is the difference between drinks given the relatively mild ambient temperature in which the players trained (session 1: 17.0 6 1.1°C; session 2: 16.9 6 1.1°C). Most studies using glycerol as a hyperhydrating agent or for TBW maintenance during exercise have induced dehydration using pronounced heat stress ($30°C) (see reference 18 for review). From a thermoregulatory perspective, the low heat stress may have aided the players in better maintaining a safe core temperature and blunted some of the physiological differences between drinks (Figure 1, Table 4) .
Ultimately, performance between sessions was not compromised, and our hypothesis was rejected as there was no difference observed between average or maximal HR intensities (P = 0.256 or 0.766), post-training blood La (Table 4) , and fatigue test scores (P = 0.547) (Figure 3) . We believe that the primary explanation for this was that the CHO concentrations in both drinks were sufficient to maintain performance and minimize any minimal discrepancies in hydration status during the sessions. Extensive CHO supplementation work has provided evidence for better performance maintenance during exercise .60 minutes (15, 20, 22) compared with water alone. Furthermore, several studies have indicated that soccer performance (as pertaining to exercise intensity) is better maintained with supplemental CHO, usually in approximately 4-7% solution (19, 27, 28, 31) . In addition to the exogenous CHO, the low ambient temperature combined with the competitive nature of the training sessions may also have provided for the similar average work rates observed during both training sessions. Average work rates over the course of a 90-minute soccer match have been estimated at approximately 70-75% of _ Vo 2max , with approximately 10-15% of the 90 minutes at intensities exceeding 90-95% _ Vo 2max (30) . In the current study, the players worked at similar average intensities of close to 82% of HR max (approximately 68-70% of _ Vo 2max ) throughout both sessions and 10-15% of the 60 minutes at intensities exceeding 90-95% (Figures 1 and 2) , leading us to conclude that the differences observed in hydration status were not enough to negatively affect performance (soccerspecific fatigue) (Figure 3 ) during either session.
We acknowledge the omission of a placebo-control trial. Perhaps fluid alone, without glycerol or CHO, would have resulted in similar findings. However, time for data collection did not permit the inclusion of an additional trial, and we believed it more applicable to include CHO in both training sessions, as previous research has indicated that soccerspecific performance is better maintained with the addition of exogenous CHO than with water alone (6, 19, 28) .
Urine specific gravity was significantly higher in players consuming CG compared with C (Table 4) . There was also a trend towards higher urine osmolality in the CG compared with the C group (P = 0.051). Although these results are similar to other studies using glycerol hyperhydration (35, 37) , one limitation of the urine data set is that the urine volume could not be precisely measured because some players urinated outside the urine container provided, although they were instructed not to do so. Three players were also unable to produce any urine post-training, and as such, we were unable to report urine volume or calculate sweat rate. However, this persisted at random during both training sessions, so we believe there was no systematic effect on the urine results reported (urine specific gravity, urine osmolality) of either drink.
The novel finding of the study is that the addition of low levels (approximately 2 tablespoons) of glycerol into a carbohydrate sport drink was tolerated by all players while reducing their fluid loss compared with carbohydrate alone, even in relatively mild ambient temperatures. Additionally, the attenuation of plasma volume observed during the CG trials may ultimately decrease thermoregulatory strain and positively affect performance during extended training sessions (.90 minutes). Because training sessions were used as the method of fatigue in the current study, the results (specifically those pertaining to hydration) may be more aptly applied to training over successive days. Although the current study allowed for adequate recovery between sessions, regular season sessions consist of multiple successive days of highintensity training, which may result in a progressive decline in a player's hydration status.
Previous studies focusing on heat acclimation have illustrated performance decrements during successive training days, which are exacerbated under heat stress and inadequate rehydration techniques (3, 14, 34) . Future research using successive training days as a model is warranted, as the results of such a study over the course of a few weeks' training, especially if heat stress is increased, may show that a CG beverage is better at maintaining hydration and perhaps ultimately improving performance during day-today training sessions. However, if training sessions are short (,75 minutes), with adequate time for recovery, the addition of glycerol is not necessary to maintain performance intensities during soccer-specific training.
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